Introduction
Angiogenesis is the process by which new blood capillaries are generated from the preexisting blood vessels [1, 2] . Tumor angiogenesis is essential for tumor growth, invasion, and metastasis [3, 4] . This process can be triggered by a series of signal pathways including extracellular signals such as growth factors ( Figure 1 ). It is a complex process that is also regulated by pro-and antiangiogenic factors. In other words, the angiogenesis and vasculature are regulated through the change of balance between the collective actions of proangiogenic factors such as vascular endothelial growth factor (VEGF) and angiogenic inhibitors such as thrombospondin-1(TSP-1). These factors can be derived from different sources such as stromal cells, extracellular matrix, and cancer cells. Their relative contribution is likely to be different according to the difference in tumor types. The interaction btween cancer cells and vascular endothelial cells in the tumor microenvironment affects the angiogenesis [5, 6] . Leukemia is an aggressive malignancy characterized by the accumulation of immature leukemia blasts in the bone marrow. Bone marrow angiogenesis is therefore important for both leukemogenesis, and the leukemic bone marrow shows increased microvascular density [7] .
VEGF and VEGF receptor (VEGFR) are major angiogenesis inducer associated with tumor angiogenesis in numerous solid or hematological malignancies. VEGF binds to VEGF receptor, which leads to the activation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. In addition to the PI3K/Akt signaling, phosphatase and tensin homolog deleted on chromosome 10 (PTEN) play an important role as a molecular inhibitor of PI3K/Akt signaling in multiple cellular functions such as cell proliferation, cellcycle progression, and survival [8] . PI3K/Akt signaling regulates angiogenesis through affecting the expression of VEGF (Figure 1 ). It may contribute to tumor angiogenesis not only via the autocrine pathway to tumor cells but also via a paracrine pathway to the surrounding microvessels. The amplification and mutations of PI3K/Akt and the loss of the tumor suppressor PTEN are common in various kinds of human tumors including leukemia. In addition, the activation of PI3K/Akt signaling is commonly observed in numerous leukemia patients and leukemia cell lines together with a decrease in the expression of PTEN [9] . As siRNA against PI3K and Akt greatly decreases tumor growth and angiogenesis [10] , it is considered that PI3K/Akt pathways indeed involved in the tumor angiogenesis. In this paper, we will focus on the roles and mechanisms of PI3K, AKT, and PTEN in regulating angiogenesis and roles of the downstream targets for transmitting the signals.
Function of PI3K/AKT in Angiogenesis
The active form of PI3K is an oncogene, and amplifications and mutations of PI3K are commonly found in many kinds of human cancers [11] . Genetic alterations of PI3K lead to dysfunction of vasculature and angiogenesis. In addition, forced expression of PI3K alone is sufficient to increase angiogenesis via increased VEGF expression [12] . The PI3K in mammalian cells forms a family that can be divided into three classes based on their structure, distribution, and mechanism of activation ( Figure 2 ). Class I PI3Ks are divided into class IA and class IB based on different associated adaptors. Class IA PI3Ks are activated by receptor tyrosine kinases, while class IB PI3Ks are activated by G-proteincoupled receptors. These PI3Ks are heterodimers consisting of a regulatory subunit such as p85 and a catalytic subunit such as p110. The p110 is required to control endothelial cell migration and angiogenesis, and p110-knockout endothelial cells lead to embryonic lethality with severe defects in angiogenic sprouting and vascular remodeling [13] . The phospholipid second messengers generated by PI3K provide a common mechanism for multiple steps during angiogenesis. PI3K inhibitor LY294002 decreased tumor-induced angiogenic response [14] . Serine-threonine protein kinase AKT (also known as protein kinase B) is a major downstream target of PI3K for regulating tumor growth and angiogenesis. AKT is initially found to be the cellular homolog of AKT8 retroviral oncogene [15] . Human AKT has three isoforms: AKT1, AKT2, and AKT3. PIP3, a product of PI3K, binds to AKT and leads to the membrane recruitment of AKT and also binds to phosphoinositide-dependent kinase 1 (PDK1) via their pleckstrin homology (PH) domains, and then PDK1 phosphorylates AKT in the kinase domain (Thr 308 in AKT1). For the full activation of AKT, the phosphorylation within the carboxyl-terminal regulatory domain (Ser 473 in AKT1) of AKT by PDK2 is required [16] . Schematic structure of the predicted AKT1 protein is shown in Figure 3 (a). Once activated, AKT moves to the cytoplasm and nucleus, where it phosphorylates, activates, or inhibits many downstream targets to regulate various cellular functions including angiogenesis. The forced expression of active forms of PI3K/Akt increases the number of sprouting vessels to induce angiogenesis. Bone-marrow-derived endothelial cells and some hematopoietic progenitors participate in the angiogenesis. AKT can activate NF-κB pathway [17] , performing a complicated network in regulating angiogenesis (Figure 1 ). Transgenic expression of Myr-AKT in endothelial cells is sufficient to form the structural and functional features of blood vessels [18] . The sustained endothelial AKT activation causes enlarged blood vessels and its effect can be reversed by the AKT inhibition. AKT inhibits the GTPase-activating protein (GAP) activity of the tuberous sclerosis complex 1 (TSC1) and TSC2 complex by phosphorylating TSC2 tuberin protein, leading to the accumulation and activation of the mTOR and raptor complex [19] . The mTOR mediates the phosphorylation of the ribosomal protein S6 kinases and eukaryotic translation initiation factor 4E-binding protein 1 leading to the release of the translation initiation factor eIF4E [20] .
Function of PTEN in Angiogenesis
PTEN is a dual-specificity phosphatase which has protein phosphatase activity and lipid phosphatase activity that antagonizes PI3K activity [21] . PTEN gene, which encodes 403-residue amino acids, is located on chromosome 10q23.3. Schematic structure of the predicted PTEN protein is shown in Figure 3(b) . PTEN negatively regulates the activity of PI3K/Akt signaling through converting phosphatidylinositol 3,4,5-triphosphate (PIP3) into phosphatidylinositol 4,5-bisphosphate (PIP2). Because PTEN protein plays an important role in regulating proliferation and invasion of many cancer cells, PTEN is considered as a tumor suppressor. PTEN also modulates angiogenesis via down-regulating PI3K/Akt pathway in many tumors including leukemia [22] [23] [24] . Although the effects of PTEN on invasion of hematopoietic cells and its clinical significance remain to be further elucidated, PTEN would be a candidate target to be addressed for inhibiting angiogenesis along with the treatment of leukemia [25] . Recent study has demonstrated that in addition to suppressing AKT activation, PTEN also controls the activity of Jun N-terminal kinase (JNK) [26] . PTEN-knockout endothelial cells cause embryonic lethality due to endothelial cell hyperproliferation and impaired vascular remodeling, whereas PTEN+/− endothelial cells enhance neovascularization and tumor angiogenesis to increase tumor growth [27] . As PTEN is frequently mutated or lost in a number of human cancers, PTEN can be upregulated by early-growth-regulated transcription factor 1 (EGR1) through direct binding to the PTEN promoter [28] . In addition, peroxisome-proliferator-activated receptor γ (PPARγ), p53, and activating transcription factor 2 (ATF2) can also transcriptionally upregulate PTEN [29, 30] , while transforming growth factor (TGF)-β, nuclear factor kappaB (NF-κB), and Jun negatively regulate PTEN expression [31, 32] . Interestingly, rosemary extract represses PTEN expression in K562 leukemic culture cells [33] . Some microRNAs such as miR-21, miR-19a, and miR-214 inhibit PTEN through targeting the 3 -untranslated region of PTEN, leading to inhibition of PTEN translation [34] . PTEN activity can also be regulated by the posttranslational regulation including phosphorylation, acetylation, and oxidation.
Downstream Molecules Mediated by PI3K/AKT/PTEN in Regulating Angiogenesis
PI3K/Akt signaling pathway induces tumor growth through the expression of angiogenic factors and the inhibition of antiangiogenic molecules. PI3K/Akt and their effectors, hypoxia-inducible factor-1α (HIF-1α) and VEGF, play key roles in regulating the angiogenesis [35, 36] . PI3K/Akt may also regulate angiogenesis by several downstream targets such as mTOR/p70S6K1, FOXO, NOS, and GSK-3β. These targets commonly upregulate HIF-1α expression which induces VEGF transcriptional activation. Inhibition of GSK-3β can upregulate HIF-1α expression and increase β-catenin activity [37] . Hypoxia induces HIF-1α production through the increase of its stability and induces VEGF expression in a HIF-1-dependent manner. PI3K can also induce VEGF expression through HIF-1α and NF-κB activation. PI3K/Akt can suppress TSP1, the endogenous antiangiogenic molecule, in both cancer cells and endothelial cells [38] . The TSP1 is a family member of TSP proteins with potent antiangiogenic activity. TSP1 inhibits angiogenesis endothelial cell proliferation and migration. In contrast, TSP1 is an important autocrine factor for vascular smooth muscle cell proliferation and migration. AKT1-knockout mice showed impaired vascular maturation with decreased expression of TSP-1 and TSP-2, while reexpression of TSP-1 and TSP-2 in mice transplanted with wild-type bone marrow is associated with the angiogenesis [39] . The endothelial NOS (eNOS) is critical for VEGF-triggered postnatal angiogenesis [40, 41] . Several protein kinases, such as Akt, AMP-activated protein kinase (AMPK), and protein kinase A (PKA), are known to activate eNOS [42] . Among them, Akt has emerged as a central regulator for eNOS activation by VEGF. Inhibition of Akt activity impairs the phosphorylation of the human homologue of murine double minute-2 (HDM2), resulting in the destabilization of HDM2 [43] . It is known that Akt-dependent phosphorylation of HDM2 causes nuclear translocation of HDM2 followed by HDM2-mediated inactivation of p53. Overexpression of p70S6K1 in microvascular endothelial cells enhanced tumor growth and angiogenesis, while HIF-1α siRNA significantly inhibited tumor growth and angiogenesis, suggesting that endothelial p70S6K1 controls tumor angiogenesis through HIF-1α [44] .
Inhibitors Involved in PI3K/AKT Signaling
Pan-PI3K inhibitors were initially discovered; however, isoform-specific PI3K inhibitors have less toxicity to the cells than pan-PI3K inhibitors, which could be used to specifically target PI3K activation in certain cancer cells. Pan-PI3K inhibitors, wortmannin and LY294002, are commonly used to inhibit cancer cell proliferation and tumor growth [45] . Wortmannin is a fungal product, which exerts its effect by the covalent interaction to the conserved Lys802 of the p110α catalytic subunit. Both wortmannin and LY294002 also cross-react with PI3K-related kinases such as mTOR and DNA-dependent protein kinases. These inhibitors have poor solubility and high toxicity because they target a broad range of PI3K-related enzymes. A novel pegylated 17-hydroxywortmannin (PWT-458) is watersoluble and has shown improvements in drug stability [46] . A p110δ-specific inhibitor (IC486068) enhances radiation-induced tumor vascular destruction [47] . The first developed group of AKT inhibitors was lipidbased inhibitors that include perifosine, phosphatidylinositol ether lipid analogs (PIAs), and D-3-deoxy-phosphatidylmyoinositol-1-[(R)-2-methoxy-3-octadecyloxyropyl hydrogen phosphate] (PX-316), which showed antitumor effects. Perifosine inhibits the translocation of AKT to the cell membrane [48] . Inositol (1,3,4,5,6 ) pentakisphosphate [Ins (1, 3, 4, 5, 6 ) P5], one of the PI3K/AKT inhibitors, also inhibits tumor growth and angiogenesis [49] . Several other AKT antagonists such as 9-methoxy-2-methylellipticinium acetate (API-59-OMe), indazole-pyridine A-443654, and isoformspecific canthine alkaloid analogs have been identified and shown to inhibit cancer cell growth and induce apoptosis. Other kinds of AKT inhibitors include peptide-based inhibitors of AKT, pseudopeptide substrates of AKT, a singlechain antibody against AKT, an inhibitory form of AKT mutant, and siRNA, against AKT.
The mTOR inhibitors such as rapamycin and its analogs inhibit mTOR activation by binding to FK506-binding protein-12 (FKBP12) [50] . There is a feedback loop because p70S6K1 negatively regulates insulin receptor substrate and PDGF receptor. Rapamycin or its analogs can activate upstream molecules including AKT due to the loss of feedback inhibition. It is important to exploit the potential benefits of the targeted therapies and optimal treatment with these inhibitors.
Perspective
The bone marrow of the leukemia patients has increased blood vessel content compared to normal counterparts, suggesting that leukemia progression might be accompanied with an increase of vascularization and suggesting the possibility for a role of antiangiogenic therapy in the treatment of leukemia. PI3K/Akt/PTEN signaling regulates angiogenesis through the interaction of cancer cells and tumor microenvironments including endothelial cells. Angiogenesis inducers such as VEGF can activate PI3K/Akt signaling for inducing angiogenesis. Given the important role of the signaling pathway in regulating tumor growth and angiogenesis, development of therapeutic drugs using the PI3K/Akt signaling inhibitors becomes important for cancer treatment. In addition, improving the function of PTEN offers another approach for targeting angiogenesis and apoptosis induction, which could be important for the development of leukemia therapeutics [51] . PI3K/Akt in turn regulates tumor growth and angiogenesis through downstream targets, mTOR, p70S6K1, HIF-1, and VEGF. 
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